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SUMMARY

A new hybrid optical system, consisting of reflection-refracted shadowgraphy and top-view photography, is
used to visualize flow phenomena and simultaneously measure the spreading and instant dynamic contact angle in a

volatile-liquid drop on a nontransparent substrate. Thermocapillary convection in the drop, induced by evaporation,
and the drop real-time profile data are synchronously recorded by video recording systems. Experimental results
obtained from this unique technique clearly reveal that thermocapillary convection strongly affects the spreading

process and the characteristics of dynamic contact angle of the drop. Comprehensive information of a sessile drop,

including the local contact angle along the periphery, the instability of the three-phase contact line, and the deforma-
tion of the drop shape is obtained and analyzed.

INTRODUCTION

Most studies on liquid drop spreading have focused on nonvolatile liquid sessile drops for their simplicity both

in experimental measurements and theoretical analysis. The occurrence of liquid evaporation is, however, inevitable.
The affects of evaporation on the spreading and contact angle become very important for a more complete under-

standing of these processes. It has been found that evaporation can induce Marangoni-B6nard convection in sessile
drops (ref. 1). The fluid flow in the drop is attributable to the surface-tension mechanism from local variations in the

surface temperature. The effect of convection in the drop on the wetting and spreading processes, however, is not
clear. Flow in a small sessile drop takes place on a microscopic scale and cannot be viewed by eye. Although con-
vective flow, if any, can be observed under a microscope by means of microparticle tracers, the field under investi-

gation is inevitably intruded. Optical methods are the only nonintrusive means of visualizing flow in small fluid
volumes. Both the Schlieren method and Mach-Zehnder interferometry, however, are unsuitable for visualizing flow

motion in an evaporating sessile drop. The only useful optical method is shadowgraphy (ref. 2).
Shadowgraphy is the simplest of the optical visualizing methods, which is roughly sensitive to changes in the

second derivative of the density of the field under investigation (ref. 3). In a locally increasing density field, the fluid
acts like a convex lens. In a decreasing density field, it has the effect of a concave lens. When turbulent motion
occurs in the field, a fluctuating density creates a distribution of tiny convex and concave lenses that are continu-

ously changing in shape and location. The effect has been utilized to investigate the internal convection in evaporat-

ing drops (refs. 2 and 4). A laser-shadowgraphic system developed by Zhang and Yang (ref. 5) was modified and
successfully used to visualize the thermocapillary convection inside and to measure the spreading rate of volatile
drops, simultaneously (refs. 4 and 6). It was found that evaporation and thermocapillary convection strongly affect

the spreading process. Unfortunately, the laser-shadowgraphic system, including its modified version, can only be
applied to sessile drops spreading on transparent substrates. Allain et al. (ref. 7) suggested using the reflection of a
parallel beam on the surface of a sessile drop to measure the contact angle of the drop on a non-transparent substrate.

Obviously, it can work only when the surface of the tested liquid has enough reflectance. However, the light reflec-

tivity on the surface of most common liquids is insufficient and, therefore, this method is rarely applied in practice.
Another major disadvantage of this method is that it does not allow visualization of the flow in the drop.

This present paper suggests a hybrid optical system consisting of a reflection-refracted shadowgraphy and top-

view photography to simultaneously visualize the convective flow, and measure the dynamic contact angles and
spreading rate of volatile sessile drops on a nontransparent substrate.
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APPARATUS

Laserreflection-refractedshadowgraphyanddirecttop-viewphotographyweresimultaneouslyachievedby
usingahybridopticalsystem.Theapparatusconsistedofa laserlight,awhitelight,acollimator,threebeamsplit-
ters,twovideorecordingsystems(eachconsistingbyaCCDzoomcamera,videorecorderandmonitor),atestplate
(aluminizedglassplate),andascreen,asillustratedinfigure1.A uniphase Model 1105p, 10-mW cylindrical
helium-neon laser and an Olympus Model Highlight 2000 were used as the laser source and the white-light source,

respectively. Both light beams passed through the collimator, Newport Model LC-075, via Beam splitter I, and col-
limated to parallel beams coincidentally, and then reflected by Beam splitter II to pass perpendicularly through a
sessile drop, situated on an aluminized glass plate. The laser beam produced a reflection-refracted image of the ses-

sile drop on a screen, and the white beam provided a sharp photograph of the top view of the drop. The drop top-
view was recorded on Video recording system I, and the laser reflection-refracted shadowgraphic image on Video

recorder II. The two recorders were controlled synchronously.
Before each test, the aluminized glass plate was cleaned by ethanol and wiped by lens-cleaning tissue, and then

shelved in open air, covered by a soft tissue, for at least 24 hr. By this method, the plate surface was freed of residual

liquid molecules and remained free of impurities from the ambient air. The test liquid was carefully deposited on the

plate by a microsyringe to form a 1.5 to 2.5 _tl sessile drop. The origin of spreading and evaporation time was taken
as the moment when the microsyringe was detached from the liquid body.

RESULTS AND DISCUSSION

Consider a sessile drop placed in the collimated light beam of the hybrid optical-system so that the hybrid light

beam traverses the drop volume from top to bottom and then is reflected out of the volume as shown in figure 1. The
detailed path of the beam traveling through the drop is that the collimated incident light is refracted by the sessile
drop and then reflected on the substrate surface, returning to the air-liquid interface, and finally refracted out of the

drop. The refracted light-beam is directed to the horizontal by Beam splitter III and intercepted by a vertical screen,
forming a shadowgraphic image. This is referred to as reflection-refracted shadowgraphic image. As is well known,

a small sessile drop can be considered a spherical cap. Consequently, the incident angle of the parallel beam on the
drop surface reaches its maximum at the edge of the drop. It is the refracted ray out of the drop edge that forms the

outer fringe of the reflection-refracted shadowgraphic image. The detailed optical path at the drop edge is shown in
figure 2. The image brightness at a given point is linearly related to the integral average of the second derivative of

the refractive index over the passage of a ray, which approximately equals the double of the local height of the drop.
The entire image, being a map of the distribution of the average of the second derivative of the refractive index over

the ray passage, represents the distribution of the average second derivative of the temperature along the ray passage
in the evaporating drop. From a real-time change of the image, the fluid motion in the drop, if any, can be clearly
observed.

Figures 3(a) and (b) show an instant top-view photograph and corresponding reflection-refracted shadowgraph

of a 2.5 _tl silicone-oil (50 cSt) drop, spreading on an aluminized glass plate in open air. The bright circle at the cen-

ter of the top-view photograph, figure 3(a), is formed by reflection of the parallel light beams at the drop summit.
The bright annulation at the center of figure 3(b) represents the projected images of the parallel beam and of the
drop located in the middle of the beam. The instant contact diameter of the drop, a key parameter of drop spreading,

can be measured directly from the top-view photograph shown in figure 3(a), or from its projected image that repre-
sented by the dark circle at the center of figure 3(b). However, the latter has a large error in reading because its small

image was embedded in a much larger shadowgraphic image and, therefore, cannot accurately be measured. One of
the advantages of the method described in this article is the ability to record the top view of the drop and its
reflection-refracted shadowgraphic image synchronously. The internal convective flow field of the drop can be visu-

alized while the contact diameter and contact angle is accurately measured, and, therefore, effects of the flow motion
on the spreading can be determined. For nonvolatile liquids, the sessile drop spreads calmly without any detectable

internal flow convection, as shown in figure 3(b).
However, in volatile drops, evaporation can induce thermocapillary convection under certain conditions,

depending on the properties of the liquid. Figures 4(a) to (c) depict the reflection-refracted shadowgraphic images of
freon- 113, n-pentane, and ethanol drops, respectively, evaporated on an aluminized glass plate in open air. The dif-

ferent evaporation rates and physical properties of the liquids produced different internal flow patterns and stabilities
of the contact line. The thermocapillary convection in the freon-113 drops can be induced by evaporation from the

very beginning, even before the syringe detaches from the drops. An instant reflection-refracted shadowgraph of a
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freon-113drop,showninfigure4(a),clearlypresents the typical four-region flow structure described by Zhang and

Yang (refs. 1). The flow motion in the midway ring-shaped region of the drop is very strong, while a weak flow
occurs in a very narrow region at the bottom of the drop, and a small stagnation region exists at the summit of the

drop. On the other hand, the convection in n-pentane drops occurs after the drops spread for a short time. Before
that, there is no convection in the drop at all. The flow pattern in the n-pentane drops is obviously different from that
in the freon-113 drops. Active flow occurs at the bottom of the drop instead of in the midway ring-shaped region.

where a weaker flow convection can be observed, leaving the top region stagnant.

The ethanol drops exhibit no flow motion throughout their lifetime as their evaporation rate is too low to induce
thermocapillary convection. However, the ethanol drops develop an unstable three-phase contact line, where the

interface tensions, contact angle, and Laplace capillary-pressure determine the shape of the interlaces. The unstable
three-phase line gives a jagged periphery in the shadowgraphic image, as shown in figure 4(c). The instability of the

three-phase line is attributed to the very high dielectric constant of ethanol and repulsive pressure at the drop edge
(ref. 5).

To convincingly prove that the reflection-refracted shadowgraphic image qualitatively depicts the internal flow
convection in a sessile drop, a freon-113 drop seeded with an aluminum-powder tracer was tested with the hybrid

optical system. Figure 5 shows an instant top-view photograph of the drop and its corresponding reflection-refracted
shadowgraph. Obviously, the tracer deformed the shape of the drop, causing different contact angles along the
periphery, though the contact diameter still appears as a circle. However, the flow pattern depicted by the tracer in

the direct photograph of the top view, shown in figure 5(a), is qualitatively similar to the shadowgraph shown in

figure 5(b).
The reflection-refracted shadowgraphic image can also give comprehensive information of contact angle

through the measurements of the diameter of the outmost fringe, D. and of the contact diameter of the drop from the
top view, d. A method was developed to determine the contact-angle time-history from the shadowgraph. The shad-

owgraphic image collected on the screen at a predetermined distance from the substrate surface, s = AB+BC, where
A denotes the drop center on the test plate, and B and C are its images on the reflector of Beam splitter III and the

screen, as shown in figure 1. The rays are refracted out of the drop at an angle 0, with the horizon and form the

shadowgraphic image with a diameter D. By a simple geometric relationship, the following equation can be
obtained:

S

tan 0 r = (1)
(D+d)/2

Both D and d are time dependent because of the spreading and evaporation, and can be accurately measured from

the shadowgraphs and the top-view photographs, respectively. To determine the contact angle, 0, consider the de-

tailed optical path near the drop edge shown in figure 2. Obviously, the angle 0, equals (2- 02 + 0 ), where 0_, is

the outgoing angle of the ray on the drop surface. Then, equation (I) can be rewritten as

2s cot02 +tan0

D + d 1- cot02 tan0
(2)

Applying Snill's law to each of the air-liquid interfaces and the reflection law to the substrate surface, 0., can be

related to 0 through the relation

sin 02 = n sin 2041 - sin 2 0 / n 2 _ cos 20 sin 0 (3)

where n is the refractive index of the liquid. The contact angle, 0, can be obtained by solving the simultaneous equa-
tions (2) and (3).

Based on the sphere-cap approximation, the apex height of the drop h and the drop volume f2 can be expressed
as

d(l - cos0)
h = (4)

2sinO
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_=_h2{ d h)2sin0 3
(5_

The average evaporation rate of the drop, Wa,, is considered an important parameter to measure the evaporation
strength and can be determined by

(6)

where f2, is the initial volume of the tested sessile drop and tris the lifetime of the drop. The instant evaporation rate

of a sessile drop, W, can be calculated by W=Af2/At where Af2 (t) is the difference of volumes between the measur-
ing time interval At.

Typical results of drop spreading, the contact-angle time-history, and the volume-time history are presented in

figures 6 to 8. Figure 6 proves that for silicone oil (50 cSt.) drops, the drop spreading follows d = k(t+a) w, Dodge's
relation (ref. 8), that depicts the spreading law of a nonvolatile drop, and that the drop volume is unchanged. How-

ever, the spreading characteristics of volatile drops are quite different from that of nonvolatile drops. Generally, after

a short initial spreading period, the drops approximately maintain a constant contact-diameter for a brief period, the
so-called spreading-evaporation balance stage, followed by a monotonic contraction, referred to as the evaporation-
dominant contraction stage. The spreading of an n-pentane drop, a cyclohexane drop, and many others exhibited the

same characteristics. As shown in figure 7, the spreading of the n-pentane drop deviates from the Dodge relation
(dish line) after the short initial spreading period and further in time, especially after the thermocapillary convection
occurs when the spreading-evaporation balance stage ends. Although the evaporation rate of a freon-113 sessile

drop, W,,, = 0.126 lal/sec, is lower than that of an n-pentane sessile drop (Wa, = 0.229 lal/sec), the initial spreading
stage of a freon- 113 drop is much shorter than that of an n-pentane drop. Additionally, no spreading-evaporation
balance-stage is observed, as shown in figure 8. The spreading of the freon-I 13 drop deviates from Dodge's relation

as depicted by the dish line from the very beginning because thermocapillary convection induced by evaporation has

occurred. Evolutions of contact angle and volume for an n-pentane drop with an initial volume of 1.65 _tl and for a

freon-I 13 drop with an initial volume of 2.41 _1 are plotted in figures 7 and 8, respectively.

Because the flow visualization was conducted simultaneously with the measurements of the spreading and
dynamic contact angle, the effects of thermocapillary convection in a volatile drop on the spreading process are
clearly shown.

CONCLUSIONS

The hybrid optical system consisting of reflection-refracted shadowgraphy and top-view photography is a
unique technique for the measurements of spreading, instantaneous dynamic contact-angle, and volume time-history
of a volatile drop on a nontransparent substrate. The merits of this technique are:

1. Because of nontransparency of the substrate and the spherical cap shape of the sessile drop, reflection-

refracted shadowgraphy can be utilized for the visualization study of internal flow in volatile drops. The
technique is not suitable for the study of volatile-liquid pools that have a flat interface.

2. The instantaneous drop size, including the contact diameter, contact angle, and drop volume can be accu-

rately determined through the top-view photograph of the drop and its corresponding shadowgraphic image,
which are synchronously recorded.

3. The comprehensive information of an evaporating drop on a nontransparent substrate, including the local
contact angle along the periphery of the drop, the instability of the three-phase contact line, and the deforma-
tion of the drop shape, can be obtained and analyzed.

4. The effects of thermocapillary convective flow, induced by evaporation, on the spreading of volatile drops
can be accurately investigated.
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Figure 1.------Schematicof a hybrid optical system consisting of laser reflection-refracted shedowgraphy
and direct photography.
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Figure 2._Optical path at sessiledrop edge.
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(a) top-view photograph (b) reflection-refracted shadowgraph

Figure 3. Typical instant top-view photograph of a silicone-oil (50 cSt.) sessile drop
and its correspondingreflection-reflectedshadowgraph.
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Figure 4_lnstant reflection-refracted shadowgraphs of (a) freon-113, (b) n-pentane, and
(c) ethanol drops evaporating on an aluminized glass plate in open air.
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(a) top-view photograph (b) reflection-refracted shadowgraph

Figure 5._lnstant top-view photograph of a freon-113 drop with aluminum-powder tracer and its
corresponding reflection-refracted shadowgraph.
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5 10 50 100 200 300
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Figure 6.--EvoluUon of drop contact diameter, and contact angle for a silicone oil (50 cSt.)
drop of volume 2.2 _xl.
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Figure 7.--Evolution of drop contact diameter, contact angle, and volume for an
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Figure 8.---Evolution of drop contact diameter, contact angle, and volume for a
freon-113 drop of Initial volume 2.41 _.
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